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A material’s quality often determines its identity at both a fundamental and
applied level. For example, the fractional quantum Hall effect simply does
not exist in heterostructures of insufficient crystalline quality,1–3 while silicon
wafers4–6 or non-linear crystals7,8 of low crystalline purity are electronically or
optically useless. Even when surface states are topologically protected their
visibility depends critically on obtaining extremely high crystalline quality
in the bulk regions.9 Extended defects with one dimensionality smaller than
that of the host, such as 2D grain boundaries in 3D materials or 1D grain
boundaries in 2D materials, can be particularly damaging since they directly
impede the transport of charge, spin or heat, and can introduce a metallic
character into otherwise semiconducting systems. Unfortunately, a technique
to rapidly and non-destructively image 1D defects in 2D materials is lack-
ing. Scanning transmission electron microscopy (STEM),10–13 Raman,14,15
photoluminescence10,12,16,17 and nonlinear optical spectroscopies,18,19 are all
extremely valuable, but current implementations suffer from low throughput
and a destructive nature (STEM) or limitations in their unambiguous sensi-
tivity at the nanoscale. Here we demonstrate that dark-field second harmonic
generation (SHG) microscopy can rapidly, efficiently, and non-destructively
probe grain boundaries and edges in monolayer dichalcogenides (i.e. MoSe2,
MoS2 and WS2). Dark-field SHG efficiently separates the spatial components
of the emitted light and exploits interference effects from crystal domains of
different orientations to localize grain boundaries and edges as very bright
1D patterns through a Cˇerenkov-type SHG emission. The frequency depen-
dence of this emission in MoSe2 monolayers is explained in terms of plasmon-
enhanced SHG related to the defect’s metallic character. This new technique
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for nanometer-scale imaging of the grain structure, domain orientation and lo-
calized 1D plasmons in 2D different semiconductors, thus enables more rapid
progress towards both applications and fundamental materials discoveries.
Atomically thin 2D semiconductor transition metal dichalcogenides (TMDs) host a
diversity of excitons with robust light-valley coupling and exciton-defect coupling that
allows spectroscopic characterization.20–22 Different techniques have been employed to
characterize 1D defects in these 2D systems to evaluate sample crystalline quality for po-
tential device applications.22 Transmission electron microscopy directly resolves atomistic
details of defects,10–13,23,24 but requires intensive and disruptive sample preparation. Pho-
toluminescence and Raman spectroscopy provide rapid and non-destructive probes of the
electronic and vibrational properties of defective regions,10,12,16,19 which often manifest as
red- or blue-shifted emission with enhanced or suppressed intensities when compared to
the response from a pristine crystal, depending on multiple factors that affect local elec-
tronic properties such as material composition, doping level, defect passivation,25 grain
boundary (GB) geometry10 or edge terminations.26 This complicates their use as means
of reproducible defect characterization. Therefore, a more reliable and facile method to
effectively image grain boundaries and edges independent of composition, doping, and de-
fect reconstruction, is needed. Recent reports show that nonlinear optical spectroscopy
is highly sensitive for imaging 1D imperfections;18,19 nonetheless, their visualization ex-
hibited a weak background contrast18 or required the use of chemical solvents to enhance
image contrast.19
Dark-field (DF) microscopy boost image contrast by suppressing light scattered from
the homogeneous regions. The technique does not depend on the detailed local atomic and
electronic structure, i.e. sharp discontinuities always appear brighter. When comparing
a bright-field (BF) linear optical image of a monolayer MoS2 on quartz (Supplementary
3
Figure S1a), and a DF linear optical image (i.e. incident and collected light of the same
frequency, Supplementary Figure S1b), we observe in DF light scattered from the edges
that are transparent to BF microscopy. However, atomically thin grain boundaries cannot
be resolved by either imaging technique, because the in-plane linear dielectric response of
MoS2 monolayers is isotropic so radiation dipoles generated by two grains separated by a
GB are always in phase, making the scattered light intensity near a GB indistinguishable
from that in the pristine region, even in dark field imaging. (The bright dots in the
DF image are due to contaminants from the transfer process, see Methods section). In
stark contrast, second harmonic radiation dipoles (emitting frequency-doubled photons)
in two grains separated by a mirror boundary are always out of phase, thus creating
interference that can be detected as a localized feature. Here we develop a dark-field
nonlinear characterization technique combining SHG microscopy and a spatial filter, to
further enhance the second harmonic contrast of 1D imperfections in 2D systems, thus
allowing detailed large-area spatial mapping of grain boundaries and edges regardless of
their local atomic and electronic structures.
Monolayer TMDs grown by chemical vapour deposition (see Methods) were character-
ized using a picosecond laser system tunable from 1.30 to 1.65 eV. SHG microscopy was
performed using a high numerical aperture objective in a back-reflected geometry (details
in Methods). We employed a DF filter (patch stop) in front of the detector to collect only
light with large wave-vectors (see Supplementary Note S2). Figures 1a,b show BF- and
DF-SHG images of monolayer MoSe2 for a pump beam of 1.38 eV (900 nm), where the
uniform SHG intensities in interior of each grain confirms their single-layer nature.18,19 A
dark GB in Fig. 1a is ascribed to destructive interference of the SHG signals generated
from neighboring grains with opposite orientations.18,19 The DF-SHG response (Fig. 1b)
of the central region is considerably suppressed as a result of the DF filter blocking SHG
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emission from the bulk, leaving GBs and edges now as bright emission features.
To estimate the contrast difference between BF- and DF-SHG, line-scans (dashed
white line) are performed along the grain boundaries, edges and bulk regions (insets
Figs. 1a,b); normalized by the bulk signal. We define a 1D-defect contrast factor as
C =
I1D−Ibulk
I1D+Ibulk
, where I1D and Ibulk are the SHG responses of the GB/edge and the bulk;
this contrast can be calculated for both dark (CDF) and bright (CBF) fields. The line
profiles of Figs. 1a,b yield a three-fold contrast enhancement from the grain boundary
under dark-field conditions,
∣∣∣∣CDFCBF
∣∣∣∣
GB
= 3.0±0.3, and a dramatic 20-fold enhancement
from the edge,
∣∣∣∣CDFCBF
∣∣∣∣
edge
= 20±5. To establish the potential of this technique, Figure 2
shows DF-SHG imaging for several additional monolayers of MoSe2, MoS2 and WS2. All
show strong contrast enhancements, with some variations arising from variations in sample
size and optimization of the patch stop position. These results show the great potential
of DF-SHG as a novel highly sensitive, non-invasive probe to effectively reveal structural
discontinuities in 2D semiconductors without the use of chemical solvents, with fast image
rates and high spatial resolutions compared to other optical spectroscopy techniques when
imaging the same type of defects10,12,16,18,19 (Supplementary Movies S1 and S2 show a
fast and large area DF-SHG scan).
To explain the DF-SHG process near a MoSe2 GB, we first determine its atomic struc-
ture using aberration-corrected high-resolution scanning transmission electron microscopy
(AC-HRSTEM). Figure 1c shows a low-magnification STEM image of monolayer MoSe2.
A high-angle annular dark field (HAADF) detector was used for STEM imaging and
the edge of the MoSe2 flake is highlighted by a yellow dotted line. Electron diffraction
(Fig. 1d) acquired from the area circled in green in Fig. 1c shows a pair of first-order
hexagonal diffraction spots. Placing an objective aperture at selected diffraction spots
yields DF-TEM images (Supplementary Figure S3) that are overlaid with the original
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STEM-HAADF image (Fig. 1c) to reveal two mirror twin grains with opposite orien-
tations, colored in red or blue in Fig. 1d. Detailed atomic images of GBs include the
4|4 motifs aligned along the zigzag direction (Figure 1e,f), and 4|8 reconstructions that
introduce tilts and kinks (Figure 1g and Supplementary Figure S4).23,24
With the atomic grain structure determined, we now discuss the mechanism behind
the increased contrast of 1D defects in the DF-SHG images. Figures 3a,b shows a second
harmonic far-field spatial mode that results when the pump beam (at 950 nm) is focused
on the center of the MoSe2 monolayer (2D bulk) and GB, respectively. The far-field
second harmonic pattern of the 2D bulk (green circle) preserves the circular symmetry of
the Gaussian distribution of the incident light. In contrast, the second harmonic emission
from the GB has a dark central stripe with additional arc features at large angles as
shown in Fig. 3b. Since mirror grains have opposite polarities (x → −x) and switch the
sign of the second-order nonlinear susceptibility χ(2)xxx, the out-of-phase second harmonic
electric field radiated from mirror grains will interfere destructively along small angles θ
(with respect to the normal of the sample plane, inset in Figure 3), as can be described
within a dipole model (see Supplementary Note S4). This explains the dark stripe in
Fig. 3b.18 On the other hand, larger θ can compensate for the phase offset from the two
mirror grains, as constructive interference following d sin θ = λ/2, where d is the distance
between the two grains within a laser spot size (radius of the Gaussian profile), and λ the
SHG wavelength (λ = 475 nm). Figure 3c depicts this situation, where two anti-parallel
domains give rise to a second harmonic emission that is directed at larger angles θ, as
shown by the calculated 3D surface radiation (Fig. 3c). Therefore, the SHG response
from GB regions is emitted at larger angles, yielding the arc features shown in Fig. 3b
and calculated in Fig. 3c. The effective spot size corresponds to d = 400 nm, as obtained
from the SHG image analysis considering a Gaussian profile. We can thus estimate the
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direction of constructive interference to be at θ ≈ (36±2)◦, close to the 32◦ measured
from the far-field pattern (Fig. 3b and Supplementary Note S5 for angle determination).
A similar anisotropy in second harmonic radiation has been observed for inversion
domain boundaries in bulk nonlinear crystals, where due to the large thickness of the
crystals phase matching can also occur, leading to so-called Cˇerenkov phase-matched sec-
ond harmonic emission.27,28 In fact, any sharp discontinuity in χ(2) leads to this type of
anisotropic second harmonic radiation. In the present case, the symmetry of the GB re-
quires that +χ(2) → −χ(2) and the sample’s edges require χ(2) → 0 due to the termination
of nonlinear material.29–32 In our DF-SHG experiment, the patch stop removes the SHG
radiation emitted at small angles, thereby favoring emission from 1D GBs and edges in
semiconducting TMDs (Figs. 1, 2).
We next explore the GB DF-SHG signal for different fundamental photon energies.
Figure 4a shows the DF-SHG amplitude dependence on the photon energy for bulk (red
squares) and GB (green spheres) from monolayer MoSe2 from 1.32 to 1.65 eV (Supple-
mentary Note S6 shows similar data from an edge). The DF-SHG bulk emission shows
an onset of optical transitions at ∼1.55 eV, which has been attributed to a resonance
close to the A exciton energy,33 where the energy of one of the two photons equals the
optical gap (so-called ω resonance). For excitations between 1.32 and 1.51 eV, the weak
resonance near 1.3 eV for the bulk emission can be associated to a two-photon resonance
(2ω resonance), where twice the photon energy matches the C exciton energy or other
low-energy states due to structural defects present within the bulk crystal lattice.34 By
contrast, the DF-SHG GB emission shows a strong resonance at 1.32 eV compared to the
bulk case, yielding an enhanced contrast between the two signals.
Constructive interference alone would yield a near-constant intensity ratio between the
GB and the bulk emission as a function of frequency, which is not the case here. Thus,
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the strong frequency dependence shown in Fig. 4a indicates the presence of additional
SHG-modulating processes. Similar frequency-dependent BF-SHG intensities from 1D
defects in MoS2 have been reported
18,26 where the measured edge SHG enhancement
reaches 1.4× at half the optical gap of MoS2. If a ∼ 1 nm wide edge region (effective
edge thickness taken in Ref. 18) within a 1 µm laser spot amplifies the SHG by 1.4 times,
the amplification factor intrinsic to the edge would be about 400 (Supplementary Note S7
gives more details).
The selectivity of the SHG contrast enhancement to the spectral range below the
MoSe2 optical gap of 1.5 eV, and the order-of-magnitude amplification inferred above
from previous work,18,26 are characteristic of plasmon resonances: strongly localized elec-
tric fields confined within 1D nanowires can amplify the optical response of the host
material.35 Momentum conservation in such plasmon-mediated SHG processes can be
achieved by the annihilation of two counter-propagating plasmons in 2D36,37 or coupled
1D+2D systems.38 Plasmons in MoSe2 samples originate from metallic states localized
at mirror grain boundaries (Supplementary Note S7). To show that plasmon enhance-
ment in SHG are limited to <1.5 eV, we calculate the energy range in which the plasmon
localized on the GB carries a significant spectral weight, as can be characterized by the
calculated mode-specific electron energy loss spectra (EELS). Although photons cannot
provide the large wave-vectors needed to excite plasmons localized along a pristine GB and
although the longitudinal dielectric response is calculated here (accessible to EELS but
not to optical spectroscopy), the breaking of translational symmetry by kinks along the
GB (Fig. 1g) could supply the required momentum and allow photon-plasmon coupling,
similar to that seen in bent nanowires39 and finite-length 1D metallic quantum wires.40,41
This assumption is consistent with kink patterns observed in STEM (Fig. 1g and Sup-
plementary Figure S4). Thus, we only consider the calculated EELS to reveal available
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plasmonic states in an ideal 1D GB, and assume the presence of sufficient translational
symmetry breaking to activate plasmon-photon coupling.
The calculated mode-specific EELS, −=[n(q, ω)], is shown in Figure 4b, where we se-
lect the mode index n for the plasmon localized on the 4|4 GB (Supplementary Note S7).
As the momentum transfer increases from 0 to 0.6 pi/a, where a is the MoSe2 lattice
constant 3.29 A˚, the spectral weight of the plasmon localized on the 4|4 GB decreases
towards zero as the plasmon peak energy approaches 1.5 eV. This plasmon dispersion
is shown in Figure 4c (solid curve), where the circle sizes are proportional to plasmon
spectral weights. The dispersion for intra-band transition resonances, =(n(ω)), are plot-
ted in a dashed line. Since each plasmon peak is determined by <(n(ω)) ≡ r = 0, the
decrease in the EELS peak spectral weight, −=(n(ω)) = i
2r+
2
i
∣∣∣∣
(EELS peak)
=
1
i
, means
that the imaginary part of the dielectric function is increasing due to the increasing contri-
butions from inter-band transitions as the excitation energy approaches the band gap, i.e.
plasmons become damped by inter-band transitions approaching the 1.5 eV gap.42 The
calculated existence of a 1D plasmon mode and its complete damping beyond 1.5 eV are
consistent with the measured SHG amplification only below 1.5 eV, as shown in Fig. 4a.
In conclusion, dark-field SHG microscopy provides rapid, high-contrast, non-destructive
mapping of 1D defects in atomically thin 2D TMDs due to an interference-enhanced di-
rectional confinement of the nonlinear response across the 1D defect in a manner analo-
gous to the Cˇerenkov phase-matched second harmonic emission. The observed frequency-
dependent DF-SHG enhancement near the grain boundary suggests a prominent plasmon-
modulated nonlinear optical response at 1D defects in atomically thin TMDs. Our results
provide a direct pathway to electronically map the SHG response of 1D defects acting
as nanoantennae within a 2D layered TMD, potentially applicable to other classes of 2D
systems.
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Methods
Methods, including statements of data availability and any associated accession codes and
references, are available at Supplementary Information.
Data availability. All relevant data are available from the authors upon request.
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Figure 1: Bright grain boundaries emission obtained by dark-field second har-
monic generation (DF-SHG). a. Bright- and b. dark-field SHG imaging of a CVD-
grown monolayer MoSe2 pumped at 1.38 eV, scale bars are 10 µm. In (b) a bright grain
boundary and a slight edge enhancement are clearly revealed by the DF-SHG intensity.
The inset in (a) and (b) depict the cross-section (dashed white line), used to compare
the contrast of the BF- and DF-SHG response on the same crystal. c. False-colored
STEM-HAADF image of monolayer MoSe2 and d. electron diffraction pattern acquired
from green-circled area of c. Mirror-twin-domains are identified by dark-field (DF)-TEM
technique using red- and blue-circled diffraction spots in c, and the HAADF image was
colored in red and blue, corresponding to different orientations of mirror-twins. The red
(blue)-colored area show higher DF-TEM signal when the red (blue)-circled diffraction
spot was selected with an objective aperture. Scale bars in (c, d) correspond to 2 µm
and 2 nm−1, respectively. e–g. Atomic-resolution STEM-HAADF images show 4|4 and
4|8 configurations of mirror twin grain boundary. Experimentally acquired image (e) and
simulated STEM image (f) of 4|4 GB, and experimentally acquired image (g) of 4|8 GB.
Scale bars in (e–g) correspond to 500 pm.
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Figure 2: Characterization of 1D objects in semiconducting TMDs. Dark-field
second harmonic generation imaging on different MoSe2 (top row), MoS2 (middle row) and
WS2 (bottom row) monolayers on quartz substrates collected by a microscope objective
of 40× (N.A.=0.95). The samples were excited with an energy of 1.38 eV for MoSe2 and
1.42 eV for MoS2 and WS2, respectively. Scale bars correspond to 20 µm for MoSe2 and
10 µm for MoS2 and WS2.
18
ca b
x
y
θ
z
Figure 3: Far-field spatial mode pattern. Far-field images of a CVD as-grown mono-
layer MoSe2 produced when the pumped beam is focused on a. bulk monolayer and b.
grain boundary. c. Sketch of the MoSe2’s two domains with opposite second harmonic
phase separated by the grain boundary (middle) giving rise to a second harmonic emission
pattern with large angles (blue conical shape).
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Figure 4: Plasmon resonance on a 1D defect in MoSe2 monolayer. a. DF-
SHG excitation profiles of GB and bulk for monolayer MoSe2 on quartz substrate. The
data were normalized by the quartz intensity of each excitation energy. b. Calculated
electron energy loss spectra for a mirror 4|4 grain boundary in MoSe2, where the plasmon
momentum varies from 0 to 0.6 pi/a. The arrow in (b) highlights the 1.5 eV cutoff energy.
c. Calculated dispersion for a 1D plasmon along a mirror grain boundary (solid curve)
and dispersion for intraband transition resonances (dashed line).
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